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I 
The  increase  in  sensitivity  of  a  limited  area  of  the  retinal  periphery, 
following pre-exposure to light of varying intensity and duration, has been 
the subject of a  number of recent studies (Miiller,  1931; Winsor and Clark, 
1936; Wold and Clark,  1937; Hecht, Haig, and Chase,  1937). 
While these data have shown that the effect of varying the duration of 
pre-adaptation  is in  many ways similar  to  that  of varying the  intensity, 
there has appeared no report of well controlled measurements of the relative 
influence  of  these  two  factors  upon  the  course  of  the  subsequent  dark 
adaptation. 
It is our present purpose to describe a  series of such measurements ob- 
tained in this laboratory. 
II 
Methods 
In the adaptometer employed (Hecht and Shlaer,  1938), which is of the monocular 
type, the same eye piece is used during both light and dark adaptation periods.  This 
is  accomplished  by a  simple  mechanical alteration of the lens  and intensity control 
systems at the termination of the period of light adaptation.  As the instrument is not 
regularly provided with an artificial pupil, for the present study this was supplied by a 
disc of blackened metal through which  was drilled a  circular,  2 ram. hole.  This was 
attached to the regular eye piece of the instrument.  With the eye in place against the 
eye piece the observer's cornea was at a distance of 3 ram. from the artificial pupil 
A second method of obtaining a constant pupil was to employ as one of the observers 
a patient who had an Argyll Robertson pupil due to syphilis.  This observer's pupil was 
* A preliminary report of these measurements was presented to the American Society 
of Zoologists in December, 1938 (Anat. Rec., 1938, 72, suppl.,  82), and to the American 
Physiological Society in April, 1939 (Am. J. Physiol., 1939, 126, 518). 
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fixed with respect to light stimuli at a diameter of about 5 nun., and was thus virtually 
in the open condition.  It should be added that, due to cirrhosis of the liver, his visual 
threshold was about five times higher, and his rate of rod dark adaptation somewhat 
slower than normal.  We found no reason to suspect that either of these pathological 
conditions caused any fundamental alteration of the essential process of dark adaptation. 
This conclusion is based, in part, upon the fact that, as one of the subjects of a study of 
the relation between  dark adaptation  and vitamin A  in cirrhosis of the liver  (Haig, 
Hecht,  and Patek,  1938;  Patek  and Haig,  1939),  this patient's  dark adaptation  was 
rendered completely normal, in rate as well as in threshold level, by parenteral admin- 
istration of vitamin A. 
The adapting light was white, and its brightness was controlled with neutral decimal 
filters.  In all of the measurements on the normal observer (E. M. H.) the artificial pupil 
was used during light adaptation as well as during dark adaptation.  In those on ob- 
server R. C., whose pupils were pathologically fixed,  the artificial pupil was not used. 
Since the threshold, as well as the adapting, intensities recorded are the external ones, 
it should be kept in mind that they represent comparable retinal illuminations only with 
reference  to the same pupil size. 
A violet filter (Coming No. 511) was used in the path of the test light to provide a 
means  of  perceptually  differentiating  between  cone  (colored)  and  rod  ("colorless") 
responses.  The test light was flashed for 0.2 second at each observation.  The retinal 
region measured was a 3  ° circular area located 7  ° nasally to the fovea of the right eye of 
observer E. M. H. and the left eye of observer R. C. 
The general procedure of a dark adaptation run was as follows: The observer became 
completely dark adapted by a stay of 30 minutes in the dark room in which the test was 
to be made.  He then looked through the exit pupil of the instrument at the fixation 
light, and the adapting light was tnmed on for a predetermined period.  Immediately 
upon turning off the adapting light, by shifting the lens and intensity control systems 
to the threshold measuring position, observations began, and were continued until the 
threshold reached a relatively constant, low level.  Readings were made almost as fre- 
quently as possible during the early portions of both cone and rod adaptation, and with 
decreasing frequency as the processes slowed down.  At each observation the observer 
looked steadily at the fixation light  (which was dimmed as adaptation proceeded) and 
the operator flashed the test light at higher and lower brightness levels until a minimum 
response was obtained.  We have found that by starting the observation with a readily 
visible stimulus, the operation of placing the eye in exactly proper relation to the fixation 
and stimulating lights, and to the exit pupil, is greatly facilitated.  The final procedure 
in obtaining a reading was to approach the threshold from below in steps of 0.08 log unit 
of intensity until a visible flash was observed.  Thus, although the observations began 
in the manner employed for measuring the "disappearance" threshold, the final bright- 
ness  recorded was a  modified "appearance"  threshold.  The appearance  threshold  is 
known to be somewhat higher than the disappearance  threshold  (Charpentier,  1886). 
In addition to reporting the presence or absence of a visible flash,  the observer also 
described the  color sensation  associated with  each  threshold  reading.  We have con- 
sistently observed the sharp change in hue accompanying the sudden drop in threshold 
occurring at the beginning of rod adaptation (Hecht, Haig, and Chase,  1937), but have 
found, for the two observers of the present  experiments,  that  the change is not from 
violet to white, but rather from violet to a "gray-blue," which cannot be described as de- CHARLES H~G  737 
saturated violet.  An unequivocally white sensation is not observed until the threshold 
has descended to about 1.5 logarithmic units of intensity above the final rod threshold. 
The latter is also true of the exclusively rod observations following low degrees of light 
adaptation (cf. Kroh, 1922). 
III 
Measurements after Varying Degrees of Light Adaptation 
Measurements were made of the  dark adaptation  of both observers fol- 
lowing adaptation  to white light of 447  millilamberts intensity for periods 
TABLE I 
Dark adaptation as measured with 2 mm. artificial pupil following  light adaptation for various 
periods to white Light of 447 ml. intensity.  Individual observations made at one sitting by ob- 
server E.M.H.  Time is in minutes; intensity  in micromicrolamberts.  Values  in bold face type 
appear violet at the threshold. 
0.1 rain.  0.4 rain. 
Time: 
0.4 
0.9 
1.3 
1.8 
2.3 
4.6 
6.7 
9.3 
I Lo, x 
5.88 
5.28 
5.06 
4.77 
4.54 
4.42 
4.35 
4.30 
T~e  Logl 
1-0 rain.  2.0 mln. 
Log I 
4.0 rain. 
0.8  6.85 
0.8  5.79 
1.3  5.51 
1.8  5.26 
2.9  4.80 
4.1  4.56 
5.7  4.44 
8.3  4.35 
11.1  4.30 
Time  Logl  Time 
7.41 
6.58 
6.4'/ 
6.11 
5.71 
5.48 
5.12 
4.89 
4.60 
4.46 
4.34 
4.30 
Time Log I 
7.46 
6.76 
6.59 
6.28 
6.04 
5.86 
5.34 
5.17 
4.89 
4.58 
4.51 
4.46 
4.35 
4.35 
4.30 
6.o rain. 
0.6  6.68 
1.0  6.16 
2.1  5.69 
2.7  5.34 
3.7  5.13 
5.0  4.70 
6.7  4.46 
9.2  4.39 
12.0  4.30 
20.0  4.30 
0.9 
0.8 
1.8 
2.4 
3.3 
4.1 
5.2 
6.5 
8.3 
10.7 
15.3 
18.7 
0.3 
0.8 
1.3 
9.9 
8.3 
4.3 
5.6 
6.5 
7.8 
9.2 
10.7 
12.5 
14.0 
18.0 
21.7 
Time l 
0.7 
1.C 
9.1 
8.1 
4.5 
5.7 
7.1 
8.7 
10.2 
11.8 ! 
13.4 
18.¢S 
Log I 
6.89 
6.77 
6.80 
6.18 
5.83 
5.36 
5.08 
4.77 
4.67 
4.60 
4.37 
4.30 
10.0 rain. 
Time  Log  I 
0.~  7.~ 
O.l  6.94 
0.8  6.8~ 
1.4  6.6~ 
8."/  6.1E 
5.C  5.64 
7.C  5.1~ 
8.5  4.5~ 
10.5  4.5~ 
15.2  4.3~ 
19.1  4.3( 
ranging from 0.1  to  10  minutes  (Tables  I  and  II, and  Fig.  1).  Another 
set  of  observations  was  made  of  the  dark  adaptation  of  both  observers 
following 4  minute  exposures to  white  lights  ranging  in  intensity  from 4 
to 4700 ml.  (Tables III and IV, and Fig.  2). 
The entire range of pre-exposure durations or intensities was run through 
at a  single sitting.  In the  case of observer R.  C., this was done twice for 
each set of measurements and the observations averaged.  Unfortunately, 
the experiments on the influence of duration were made about 4  days after 
the  ones on the  influence  of intensity.  During  this  period  the  threshold 
levels of both observers had  changed,  that  of E.  M.  H.  having risen 0.29 738  DARK  ADAPTATION AND  LIGHT  ADAPTATION 
TABLE H 
Dark adaptation as measured with pathologically fixed pupil (5 ram.) following light adapta- 
tion for various periods to white light of 447 ml. intensity.  Average of two observations made 
in two sittings by observer R.C.  Time is in minutes; intensity in micromicrolamberts.  Values 
in bold face type appear violet at the threshold. 
0.2 min. 
Time  Log I 
0.2  5.67 
0.8  5.07 
1.2  4.72 
1.6  4.60 
2.4  4.36 
3.4  4.25 
5.1  4.13 
7.9  4.06 
11.4  4.01 
O.5m~. 
T~e 
1.0 
1.6 
2.C 
2.4 
3.5 
5.1 
7.1 
9.7 
13.2 
1.0 rain. 
Log l  Time Log I  Time 
5.90  0.6  6.54  0.1 
5.43  0.8  6.46  0.8 
5.08  2.3  5.71  9.5 
4.91  3.0  5.1~  3.5 
4.60  4.0  4.91  4.8 
4.37  5.3  4.67  5.8 
4.20  7.0  4.41  7.7 
4.08  9.7  4.25  9.5 
4.01  12.6  4.13  11.0 
16.5  4.03  13.7 
15.5 
18.6 
1.2 min. 
Log l 
6,6t~ 
6,6/3 
6.~ 
5.83 
5.43 
5.0C 
4.72 
4.2C 
4.0~ 
4.13 
4.01 
4.01 
2.0 rain. 
Time Log  I 
0.6 B.77 
0.8 6.~ 
9.3 6.42 
3.$ 6.49 
4.7 6.18 
5.6 5.78 
6.45.55 
7.75.15 
9.1 4.79 
10.6 4.56 
12.54.25 
13.9 4.18 
17.14.08 
22.74.08 
S.O mln. 
Time LogI 
0.9 6.43 
1.4  6.~ 
3.~  6.90 
6.d  6.03 
6.~ 5.84 
7.35.61 
8.3 5.25 
9.5 4.97 
10.7 4.69 
12.4 4.38 
14.6 4.26 
16.0 4.15 
19.5 4.10 
6.0 rain. 
Time Log .l 
0.4  ~.02 
1.3  LS~ 
9.8  L8~ 
§.9  L oo 
6.4 L991 
7.9 5.9~ 
9.3 5.5~ 
10.3  5.19 
11.5  L81 
15.2  L33 
18.5  L20 
27.7  LOS 
10.0 min. 
Time  Log 1 
0.96.6'/ 
0.66.61 
1.26.89 
2.46.97 
5.06.90 
6.96.13 
9.0 5.96 
10.1 5.73 
11.6 5.41 
12.7 5.0~ 
12.2 4.69 
16.1 4.4.5 
18.2 4.34 
21.14.26 
24.7  t.L5 
28.3 !4.1C 
TABLE HI 
Dark  adaptation  as measured with 2  mm.  artificial pupil following light adaptation for 4 
minutes to various intensities.  Individual observations made at one sitting by observer E.M.H. 
Time is in minutes; intensity in micromicrolamberts.  Values in bold face type appear violet at 
the threshold. 
4 ml. 
Time  Log I 
0.2  5.12 
0.5  4.89 
0.8  4.53 
1.4  4.30 
2.2  4.18 
3.8  4.08 
8.1  4.01 
20ml. 
Time  Log I 
0.4  5.62 
0.8  5.26 
1.2  4.91 
2.4  4.43 
3.6  4.20 
5.2  4.08 
11.6  4.01 
~mL 
Time  Log I 
0.5  5.90 
1.0  5.55 
2.2  4.96 
3.1  4.60 
4.1  4.48 
5.3  4.37 
8.7  4.13 
15.6  4.01 
447 ml. 
Time  Log I 
0.3  7.00 
0.9  6.41 
1.7  6.06 
2.8  5.71 
3.7  5.35 
5.5  5.01 
7.0  4.60 
8.8  4.32 
11.6  4.20 
14.5  4.08 
20.3  4.01 
115o ml. 
Thne [Log/ 
0.3  7.84 
1.3  6.89 
9.(  6.73 
4.C  6.54 
5.5  6.18 
6.4  5.95 
7.8  5.47 
9.4  5.08 
11.3  4.60 
13.4  4.43 
16.0  4.25 
22.2  4.13 
2O90 mL  4700 ml. 
i 
Time Log I  Time Log I 
0.9  7.84  0.1  7.8'1 
1.0  7.48  0.!  7.4~ 
1.a  7.fA  g.8  7.19 
2.9  7.16  6.4  6.7'] 
6.4  6.89  6.7  6.7'1 
7.~  6.42  8.1  6.7~ 
8.7  5.18  9.7  6.61 
10.C  5.83  10.1  6.3( 
12.C  5.25  12.7  5.5~ 
13.5  4.M  14.U 5.3~ 
15.C  4.60  15.5  5.0~ 
16.9  4.37  17.6  4.8~ 
18.2  4.30  20.8  4.~ 
21.8  4.20  24.6  4.2 
23.3  4.13  29.3  4.2( cm~_Lzs  H~C  739 
log unit,  and that of R.  C. having dropped 0.24 log unit.  These changes 
are safely within the known range of day to day variability (0.30 log unit), 
and  do not in  any way represent  effects attributable  to differences in the 
experimental management of the two sets of measurements, or to the rela- 
TABLE IV 
Dark adaptation  as measured with pathologically fixed pupil (5 mm.) foUowing  light adapta- 
tion for 4 minutes to various intensities.  Average of two observations made in two fittings by 
observer R.C.  Time is in minutes; intensity in micromicrolamberts.  Values  in bold face type 
appear violet at the thresbold. 
Time Log I 
0.3  5.07 
0.7  4.83 
1.3  4.64 
3.0  4.36 
5.1  4.24 
7.3  4.24 
9.4  4.25 
4ml.  20 nil.  44 ml.  110 ml.  200 ml.  447 ml.  1150 ml.  2090 
Time Log I  Time  Log I lime Log I Time Log I Time Log ] Time  Log l Time 
03  555  035m  0.48.a  0.sT.m  0.1T.m 
0.7  5.20  0.75.61  1.25.94  0.~$.85  0.96.77  0.47.15  0.7 
1.2  4.90  1.25.1~  2.95.51  1.15.49  2.46.8~  0.76.89  1.~ 
2.51 4.49  3.04.64  5.14.93  2.38.8'/  3.8  5,58  1.16.68  2.| 
4.6 i 4.37  5.1 L46  7.44.48  3.66.06  5.8 L48  2.$6.~  4.4 
6.7! 4.32  7.CL3110.04.37  4.65.71  7.7 5,99 4.46.54  0.7 
9.5i 4.29  9.9L2812.24.2¢~  5.75.47  8.95,57  8.§6.~1  9.4 
14.1! 4.25 14.7 t.25 15.04.32  7.05.15 10.2 5.2810.8  6.49 11.1 
16.84.21  7.8 5.0312.8 4.7812.16.22113.9 
9.5 4.72117.4 4,43 14.2 5.65!15.2 
11.04.3723.4 4,32 15.9 5.11 17.0 
13.7 4.32 26.7 4.25 18.0 4.7~ 18.2 
17.5 4.25  19.8 4.4~ 20.1 
24.1 4.25i22.3 
28.9 4.2:25.0 
32.5 4.2C 28.0 
37.6 
mL  4700  ml. 
Log I Time Log J 
7.60  0.3  '.84 
7.20  O.U 7.M 
7.11  1.(]  '.$C 
8.87  1.8 l.~ 
8."/1  8.1  ~.8~ 
8.81  4.1  L"/~ 
8.71  8.8  L6~ 
8.71  7.1  LT~ 
6.40  9.~  LS| 
6.01 ll.I  5.61 
5.47 13.5 i.5~ 
5.25 14.1  i.24 
4.78 16.4 5.77 
4.60 17.7 5.3~ 
4.49 20.3 L8C 
4.40 23.4 L6( 
4.25 26.5 L4~ 
28.8 L4~ 
31.6 L31 
33.8 $.2~ 
36.1 i.2~ 
37.9 ~-.2~ 
tive influence of duration and intensity of pre-adaptation on the dark adap- 
tation process. 
The data  of Figs.  1 and  2  are  in good general agreement with previous 
constant pupil measurements (Mtiller, 1931;  Hecht, Haig, and Chase, 1937), 
but differ in exact detail,  as is to be expected in view of the differences in 
experimental  method,  and  in  the  sizes and  positions  of the  retinal  areas 
studied. 
Comparison of Fig.  1 with Fig.  2  reveals that  the  effect of a  rise in the 
degree  of light  adaptation,  whether  produced  by increasing  the  intensity 740  DARK ADAPTATION  AND LIGHT ADAPTATION 
of the light, or by lengthening the exposure, is to reduce the rate  of rod 
dark adaptation.  This change in rate has two components, a  decrease in 
the slope of the function, and a  displacement to the right on the time axis. 
.  ,  .  ,  ,H  ...... 
%,  "C" 
I  .......  ,  _o 
~g  L  ....................... 
~  B  J 
0  Z 
" 
(.9  . 
0 
0  5  10  15  ,.0  25 
TIME  IN  DARK  -  MINUTES 
FIO. 1. Dark adaptation after di]terent periods of exposure to light of 447 ml. inten- 
rdty.  Data in Tables I and II.  Readings in which the test light appeared violet to the 
observer have been omitted.  (A) Observer E. M. H., with 2 ram. artificial pupil.  Dura- 
tion of light adaptation from left to right in minutes: 0.1, 0.4, 1, 2, 4, 6, and 10.  (B) 
Observer R. C., with Argyll Kobertson pupil.  Duration of light adaptation from left 
to right in minutes: 0.2, 0.5, 1, 1.2, 2, 5, 6, and 10. 
The first effect is more marked after the lower degrees of light adaptation, 
and the second after the higher ones. 
A  critical point in the transition from high to low slopes appears  at  a 
pre-adapting intensity of about 40 ml.  (400 photons  1)  in the data of the 
1  By definition, an external brightness of 1 ml. through a 2 mm. pupil illumiuates the 
retina with a brightness of 10 photons, and through a 5 ram. pupil with a brightness of 
about 60 photons.  However, Stiles and Crawford (1933) have shown that in practice 
this rule applies only to small pupillary diameters. CHARL~.S ~L~IG  741 
normal observer, and at about  100 ml. (ca 6000 photons)  in those of ob- 
server R.  C.  This finding for the normal observer agrees very well with 
the estimate of 200 photons previously made (Hecht, Haig, and Chase, 1937) 
0  5  10  15  20  25  30  35 
TIME  IN  DARK  -  MINUTES 
FIG. 2. Dark adaptation  after 4 minute exposures to lights of different intensities. 
Data in Tables HI and IV.  Readings  in which the test light appeared violet to the 
observer have been omitted.  (.4) Observer E. M. H., with 2 mm. artificial pupil. 
Intensity of light adaptation  from left to right in millilamberts: 4, 20, 44, 447, 1150, 
2090, and 4700.  (B) Observer R. C., with Argyll Robertson pupil.  Intensity of light 
adaptation from left to right in miUilamberts: 4, 20, 44, 110, 200, 447, 1150, 2090, and 
47O0. 
b- 
Q 
r~ 
-~4~ 
o 
o 
I 
96 
o 
z 
bJ 
-1- 
~'5 
o 
_J 
of the intensity of pre-adaptation at which the rapid type of dark adapta- 
tion is definitely established.  For both subjects this transition is critical 
at a  pre-adapting duration of about  1 minute. 
Both displacement on the time axis and further changes in slope cease 
above a  certain degree of light adaptation, which evidently is complete at 742  DARK  ADAPTATION  AND  LIGHT  ADAPTATION 
this point.  An illustration of the latter is seen in Fig. 1A, the 6 and 10 
minute points falling on the same curve with the 4 minute ones3  Similarly, 
in Fig. 2 B, the 4700 ml. data coincide with the 2090 ml. ones. 
IV 
Displacement on the Time Axis 
The quantitative aspects of these changes in the course of dark adapta- 
tion produced by varying the intensity and duration of the preceding light 
adaptation may be more adequately formulated by a graphical treatment 
of the positions and slopes of the curves. 
For expressing the temporal positions of the curves, the number of min- 
utes in the dark required for the threshold to descend to a given level above 
the final threshold, following the various pre-adapting intensities and dura- 
tions, was obtained graphically from the data of Tables I-IV.  Obviously 
it makes no essential difference in the result at what level above the final 
threshold this point is takefl, provided it is such that every curve in both 
the intensity and duration series of each observer is accurately represented. 
The levels above the final thresholds selected were 0.75 log unit for ob- 
server R. C. and 0.70 log unit for observer E. M.H.  The values so found 
(Table V) were plotted against the logarithms of the intensity  (Fig. 3A) 
and the duration (Fig. 3 B) of pre-adaptation. 
The greater portions of the curves of Fig. 3 represent displacement of 
the dark adaptation curves on the time axis, only the segments representing 
pre-adaptations below  about  100 ml.  (R.  C.), 40 ml.  (E. M. H.), and  1 
minute (both observers)  having any considerable slope component.  The 
curves in Fig. 3 are all sigmoid in form, but attain different heights and 
flatten  out at  the top  to different degrees and at  different levels.  The 
slopes of the intensity and duration curves for the same observer are prac- 
tically identical at comparable levels, the duration curves diverging from 
parallelism only at the upper ends. 
This means that light adaptation to a light of 447  ml. brightness through a  2 ram. 
pupil was complete in the normal observer within 4  minutes.  It will be noted  (Fig. 
1 B), that in the case of observer R. C., light adaptation to a  light of this brightness 
through a  5 mm. pupil was still incomplete after 10 minutes.  Thus, even though the 
intensity of light adaptation was greater by a  theoretical factor of more than 6 in the 
case of the observer with cirrhosis of the liver, its rate was much slower than in the case of 
the normal observer.  Measurements of the rate of light adaptation of two other pa- 
tients with liver cirrhosis (also having delayed dark adaptation) showed a similar delay. 
In all three subjects the speed of both functions was increased by vitamin A  therapy 
(Haig, 1940).  These observations dearly suggest that the rates of light adaptation and 
dark adaptation are governed by a common factor, presumably a  catalyst. CHARLES  HAIG  743 
TABLE V 
Relation  between  duration and intensity of light  adaptation,  the time of appearance  of a 
specific threshold,  and the slope of the curve of dark adaptation.  The spedfic thresholds, and 
the method of computing the slope are given in the text. 
Ol~.rver 
E. M. H. 
l~. C. 
Adaptation 
duration 
0.1 
0.4 
1.0 
2.0 
4.0 
6.0 
10.0 
Time to 
spedfic 
threshold 
tl~n. 
1.4 
2.3 
4.0 
5.7 
7.1 
7.1 
7.1 
Slope 
1.77 
1.03 
0.65 
0.55 
0.55 
0.55 
0.55 
Adaptation 
intensity 
millilarAberts 
4 
20 
44 
447 
1150 
2O90 
4700 
Time to 
specific 
threshold 
0.6 
1.6 
3.1 
6.5 
11.1 
14.4 
18.1 
0.2 
0.5 
1.0 
1.2 
2.0 
5.0 
6.0 
10.0 
1.2 
3.0 
4.8 
7.2 
9.3 
10.5 
1.18 
0.69 
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FIo. 3.  Relation of the intensity (A) and the duration (B) of light adaptation to the 
time required for the dark adaptation function to attain a specific threshold.  Data in 
Table V.  The values on the abscissae refer to the data of g. C. (filled  circles), those of 
observer E. M. H. (open circles)  being displaced 1 logarithmic unit to the right. 
The relatively low level at which the duration data of observer E. M. H. 
(Fig.  3B,  open circles)  reach a  maximum  constant  value is  obviously due 
to  the  low  intensity  of  pre-adaptation  employed  in  the  duration  experi- 
ments.  With  higher  adapting  intensities,  greater  displacements  of  the 744  DARK  ADAPTATION  AND  LIGHT ADAPTATION 
dark adaptation function would be produced, and the completion of light 
adaptation  would take  place  at  higher  displacement  levels.  Thus,  the 
higher the intensity of pre-adaptation employed in the duration series, the 
more the displacement function of the latter should resemble that of the 
intensity series. 
These  comparisons reveal a  striking  similarity between the  effects  of 
intensity and duration of pre-adaptation upon the displacement in time of 
the dark adaptation function. 
The significance of the component of the curves of Fig. 3 representing 
simple displacement in time,  as  distinguished from the  small additional 
component attributable to changes in slope, is fairly well understood (Hecht, 
Haig, and Chase, 1937),  and is predictable from mass law considerations 
(Winsor and Clark, 1936).  Blanchard (1918) has observed that increasing 
the intensity of the pre-adapting light causes a  rise in the instantaneous 
threshold in the dark.  Since the same effect is no doubt also produced, 
within limits, by increasing the  duration of light adaptation,  it may be 
said that the higher the degree of pre-adaptation, the higher will be the 
initial dark adaptation threshold, and the farther the threshold will have 
to drop to attain  the equilibrium level.  Thus, the higher the degree of 
light adaptation, the longer will be the time required by the dark adapta- 
tion process to reach any given threshold value. 
V 
Change of Slope 
For convenient graphical representation, the slope of the dark adaptation 
curves may be defined as the reciprocal of the time in the dark required for 
the threshold to descend 0.4 logarithmic unit at a  given level above the 
final  threshold. 
On this basis, we have calculated the slopes  at two levels of the dark 
adaptation  function,  a  higher  level,  and  a  contiguous  lower  one.  The 
two slopes were then averaged to obtain an over-all index of the slope  of 
the function through a drop in threshold of 0.8 log unit.  For observer R. C. 
the threshold intervals employed were from 1.15 to 0.75 log units, and from 
0.75  to 0.35 log units above the final threshold.  For observer E. M. H. 
the intervals were from 1.19 to 0.79,  and from 0.79 to 0.39 log units above 
the final threshold. 
The average slopes  so computed are given in Table V,  and have been 
plotted against the logarithms of the corresponding durations and intensities 
of light adaptation, as shown in Fig. 4. CHARLES  HAIG  745 
Again in this figure, as in Fig. 3, the slopes of the intensity and of the 
duration series for the same observer are seen to be very nearly parallel. 
Thus, for both displacement on the time axis and for alteration of the slope 
of the dark adaptation function, the effects of intensity and of duration of 
pre-adaptation are found to be amazingly alike.  3 
The phenomenon of the decreasing slope of the dark adaptation function 
accompanying increases in the intensity of light adaptation was first re- 
ported for the retina as a whole by Blanchard (1918).  It was later observed 
in  the  fovea by  Fedorova  (1927),  and  by  Johannsen  (1934).  Since  an 
analogous effect has been found in enzyme systems in vitro, e. g. in the auto- 
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FzG. 4.  Relation of the intensity (A) and the duration (B) of light adaptation to the 
slope of the dark adaptation function.  Data in Table V.  The values on the abscissae 
refer to the data of observer R. C. (filled circles),  those of observer E. M. H. (open circles) 
being displaced 1 logarithmic unit to the right. 
catalytic formation of trypsin from trypsinogen (Kunitz,  1939),  it is evi- 
dently not a unique property of the visual mechanism, but, on the contrary, 
may have quite general chemical significance. 
vI 
Similarities in the Effects of Intensity and Duration 
In view of the extraordinary conformities already noted in the effects 
of intensity and of duration of pre-adaptation on the course of dark adapta- 
3 It should perhaps be mentioned that the curves drawn through the data of Figs. 1 
and 2 were computed from the relation Kt  =  C  -  log (log//log Ii -  1), where I  is the 
threshold intensity at time t in the dark, I/the final threshold intensity, K  the slope of 
the function, and C the intercept.  It is of interest that the values of C for the data of 
Figs. 1 and 2 vary with the degree of light adaptation in much the same manner as do the 
displacement values of Fig. 3, while those of K  vary as do the slopes plotted in Fig. 4. 746  DARK  ADAPTATION  AND  LIGHT  ADAPTATION 
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Fro. 5.  Comparison  of the influence of intensity (filled circles) and duration (open 
circles) of light adaptation upon the time required for the dark adaptation function to 
attain a specific threshold.  (.4)  Observer R. C., (B) observer E. M.H.  The values on 
the abscissae refer to the adapting intensity, those of the adapting duration having been 
moved up 2.1 log units (R. C.), and 2.0 log units (E. M. H.). 
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FxG. 6.  Comparison  of the influence of intensity (filled circles) and duration (open 
circles) of light adaptation upon the slope of the dark adaptation function.  (A)  Ob- 
server R. C., (B) observer E. M.H.  The values on the abscissae refer to the adapting 
intensity, those of the adapting duration having been moved up 2.1 log units (R. C.), 
and 2.0 log units (E. M.H.).  a, b, and c, indicate duration and intensity points which 
coincide in both Figs. 5 and 6. 
tion, it is hardly surprising to discover that the intensity and the duration 
curves for both the displacement and the slope functions are superimposable 
over a  considerable range by a  shift along the abscissae.  The amount of 
shift  is  identical  for  both  functions,  and  very nearly  the  same  for  both 
observers.  It is 2.10 logarithmic units for observer R.  C.,  and 2.00 loga- CHARLES HAIG  747 
rithmic units for observer E. M.H.  Figs. 5 and 6 show the results when 
the duration data are shifted to the right on the axis of abscissae by these 
amounts. 
The figures show that changes in the duration or in the intensity of pre- 
adaptation produce the same amount of displacement on the time axis and 
the same degree of change of slope in the dark adaptation ftmction over 
very wide limits.  For observer R.  C. these limits are approximately 20- 
200 ml. and 0.2-2.5 minutes, and for observer E. M. H. they are approxi- 
mately 11-450 ml. and 0.1-4 minutes.  For observer E. M. H. the correla- 
tion is almost perfect up to the point of complete light adaptation in the 
duration series, while for observer R. C., the correlation breaks down some- 
what below this point. 
Two pairs of points (a and b in Figs. 5 and 6) in the data of R. C., and one 
pair (c in Figs. 5 and 6) in those of E. M. H., happen to coincide almost 
exactly in both figures.  Since this means that the dark adaptation curves 
which these pairs of points represent have the same position on the time 
axis and the same slope, they must be identical curves. 
Both curves of the pair designated c are resultants of the same pre-adapt- 
ing conditions (4 min. ×  447 ml.), and hence their falling together in Figs. 
5 and 6 merely serves to demonstrate the precision of the measurements 
and of the graphical analysis.  Pairs a and b, however, are each resultants 
of widely different pre-adapting conditions, a  representing 4  minutes  × 
20 ml.  =  80 ml. minutes versus  0.2 minute ×  447 ml.  =  89 ml. minutes, 
and b representing 4 minutes ×  110 ml. =  440 ml. minutes versus  1 minute 
X  447 ml.  ~  447 ml. minutes.  The four sets of data have been plotted 
together, with appropriate adjustments of the threshold levels, in Fig. 7. 
It is clear from the figure that in each case the data of the intensity series 
coincide with those of the duration series. 
The fact that the quantities of pre-adapting light for each pair of curves 
shown in Fig. 7 are almost identical is obviously an expression of the Bunsen- 
Roscoe law, which evidently holds for the entire range over which the dis- 
placement and slope functions of Figs. 5 and 6 are superimposable.  This 
law  states  that  for  a  given photolytic effect,  duration  and  intensity of 
exposure to light bear a reciprocal relation; i.e., I  ×  t =  a constant (Bunsen 
and Roscoe, 1852). 
It is clear that for reversible photochemical systems, the upper limit of 
the exposure time for which the Bunsen-Roscoe relation holds is determined 
by the rate of the reverse dark process.  The slower the dark process, the 
longer the exposure period may be without causing an appreciable departure 
from the reciprocal relation between time and intensity.  Since the present 748  DARK  ADAPTATION  AND  LIGHT ADAPTATION 
data conform to the Bunsen-Roscoe law up to pre-exposure durations of as 
long as 4 minutes, it must be concluded that the dark process during pre- 
exposure to the light intensities employed is exceedingly slow.  Thus, the 
slowing down of dark adaptation as the degree of tight adaptation is in- 
creased most likely constitutes the basis for the close adherence of the data 
to the Bunsen-Roscoe law. 
In the present experiments aU but one (0.1 m1., or 1 photon) of the pre- 
adapting intensities are above the intensity of less than i  photon found to 
be necessary for maximum effectiveness of the rods in all other visual func- 
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FIG. 7.  The dark adaptation  measurements represented by the pairs of coinciding 
points designated ~ and b in Figs. 5 and 6 plotted  on the same coordinates.  Light 
adaptation:  (a) filled circles, 4 minutes  ×  20 ml.; open circles, 0.2 minute  ×  447 ml. 
(b) filled drcles, 4 minutes X ii0 ml.; open circles, i minute X 447 ml. 
tions  that  have  been  measured  (Hecht,  1934).  Measurements  of  dark 
axlaptation following these intensities of pre-adaptation may therefore be 
expected to reveal properties of the visual mechanism that are not disclosed 
by measurements of the dark-adapted threshold or  of such functions as 
visual acuity, intensity discrimination, or critical fusion frequency. 
Thus, for the threshold of the dark-adapted eye, the relation I  X  t  =  C 
has been shown (Pi~ron, 1920) to hold for exposure periods of no longer than 
0.07  second, whereas for the light adaptation preceding dark adaptation, 
the present data indicate that this relation holds for exposure periods of as 
long as 4 minutes. 
The reason for the decrease in slope of the dark adaptation function with 
increasing degrees of pre-adaptation remains obscure.  Kithne  (1879)  has ~s  m~xG  749 
found, and Wald (1935 a, b) confirmed, that, after bleaching, visual purple 
regenerates  in  excised  retinas  by  two  different routes,  rapidly  from  its 
immediate photoproducts, and  more  slowly  from its  remote precursors. 
On the assumption that the retina in si~u possesses a similar mechanism, it 
has been proposed (Winsor and Clark, 1936; Wald and Clark, 1937; Hecht, 
Haig, and Chase,  1937)  that the dark adaptation process is compounded 
of two concomitant reactions, a fast and a slow one, the slope of the dark 
adaptation function depending upon the proportion in which the two re- 
actions contribute to the total effect.  In general outline, some such ex- 
planation of the variable slopes of the dark adaptation function seems not 
improbable. 
Wald and Clark (1937), however, have attempted a more precise formula- 
tion of this comparison between the chemical findings in the retina and the 
results of dark adaptation measurements.  They deduce that the classical 
visual cycle, as modified by Wald  (1935 a, b),  behaves in such a  manner 
that in dark adaptation measurements, recovery from very short exposures 
to lights of high intensity will be found to be faster than recovery from pro- 
longed exposures to lights of lower intensity, even though the degree of 
light adaptation is the same in the two cases.  They have published dark 
adaptation  data  which  seem  to  confirm  this  prediction  (Wald  and 
Clark,  1937). 
The present results, indicating that duration and intensity of pre-exposure 
have, within wide limits, identical effects upon the course of dark adaptation, 
are at complete variance with the findings of Wald and Clark.  Believing 
it possible that the effect which they observed may occur under more ex- 
treme conditions of pre-adaptation than those we had used, we have ex- 
perimented with  pre-exposure intensities  and  durations  over  the  entire 
range within the limitations of our equipment.  In none of these trials was 
the Wald-Clark effect observed.  On the contrary, it was found that for 
equal degrees of light adaptation, as indicated by identical initial dark adap- 
tation thresholds, the course of dark adaptation is the same whether pre- 
exposure is for a  brief period to a  light of high intensity or a  prolonged 
period to a  light of lower intensity.  This rule applies even beyond the 
range in which the Bunsen-Roscoe law holds. 
Two such experiments are illustrated graphically in Fig. 8.  To insure 
physiological constancy, the long and the short exposure runs were made in 
immediate succession.  Three sets of measurements were obtained following 
each species of pre-adaptation.  It is observed (Fig. 8) that the quantities 
of pre-adapting light yielding identical dark  adaptation  curves in  these 
experiments were not equal, being about twice as great for the prolonged 750  DARK  ADAPTATION  AND  LIGHT  ADAPTATION 
exposures as for the brief exposures.  Considering the extreme range of the 
pre-adapting conditions, this is  a  surprisingly small departure  from the 
Bunsen-Roscoe relation. 
In view of the evidence (Reeves, 1918; Stiles and Crawford, 1933) that 
the early portions of dark adaptation measurements are likely to be in- 
fluenced by dilatation of the natural pupil, it is possible that the differences 
between the present findings and those of Wald and Clark are attributable 
to the fact that in our experiments the pupillary diameter was held constant, 
while in theirs it was not. 
L  SUBJECT  R.C. 
0  5  10  15  0  5  10  15 
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FIG. 8.  Duration versus intensity of light adaptation.  Each point is a single observa 
tion.  Subject E. M. H., violet test light.  Subject R. C., white test light.  Adapting 
intensities and durations, as indicated. 
SUM'UA.RY 
An increase in the degree of light adaptation causes a  decrease in the 
slope of the subsequent rod dark adaptation function and a displacement of 
the function to the right on the time axis. 
Over a wide range, these changes occur to the same extent whether the 
increase in the degree of light adaptation is produced by raising the in- 
tensity or by prolonging the exposure.  Within these limits, the Bunsen- 
Roscoe reciprocity law applies to the intensity and duration of pre-exposure. 
Over a  still wider range, dark adaptation has the same course following 
brief exposure to a bright light as it has following prolonged exposure to a 
dim light, provided the degree of light adaptation is the same in both in- 
stances (as indicated by identical initial dark adaptation thresholds). 
The author was assisted by Eleanor Mancell Haig. CHARLES HAIG  751 
BIBLIOGRAPHY 
Blanchard, J., The brightness sensibility of the retina, Phys. Rev., 1918, 11, series 2, 81. 
Bunsen, R., and Roscoe, H., Photochemische Untersuchungen:  IV, Ann. Physik, 1862, 
117, 529. 
Charpentier,  A., L'inertie retlnienue et la theorie des perceptions visueUes, Arch. Op~h., 
1886, 6, 114. 
Fedorova, V., J. physiq~,.e appliqu~e, 1927, 4, 67  (Russian).  (Cited by Lasareff, P., 
Th6orie ionique de l'excitation des tissues vivants, Paris, Blanchard,  1928, 240 pp.) 
Haig, C., The influence of the pupillary light reflex upon dark adaptation measurements, 
Anat. Rec., 1938, 72, suppl., 82. 
Haig, C., Dark adaptation measurements with natural and constant pupillary apertures, 
Am. J. Physiol.,  1939, ~6, 518. 
Haig, C., Vitamin A and the rates of adaptation of the eye to light and darkness, Anat. 
Reg., 1940, 78, suppl., 163. 
Haig, C., Hecht, S., and Patek, A. J., Jr., Vitamin A and rod-cone dark adaptation in 
cirrhosis of the liver, Science, 1938, 87, 534. 
Hecht, S., The nature of the photoreceptor  process, in Murchison,  C., A handbook of 
general  experimental  psychology, Worcester,  Clark University Press,  1934, 704. 
Hecht, S., Haig, C., and Chase, A. M., The influence of light adaptation on subsequent 
dark adaptation of the eye, J. Gen. Physiol., 1937, 20, 831. 
Hecht, S., and Shlaer, S., An adaptometer for measuring human dark adaptation, J. 
Opt. Soc. America, 1938, RS, 534. 
Johannsen, D. E., The duration and intensity of the exposure light as factors in de- 
termining  the courseof the subsequent dark adaptation, Y. Gen. Paychol., 1934, 10, 4. 
Kroh, O., Die Weissempfmdung der Stgbchenauges, Z. Sinnesphysiol.,  1922, ~,  187. 
Kroh,  O.,  ~ber  einen  Fall yon anomaler  Functionsweise  des  Stiibchenapparats,  g. 
Sinnesphysiol.,  1922, ~, 197. 
Kiibne, W., Chemische Vorgtinge in der Netzhaut, in Herman's Handbuch der Physiolo- 
gie, Leipzig, Vogel, 1879, 3, pt. 1,235. 
Kunitz, M., Effect of the formation of inert protein on the kinetics of the autoeatalytic 
formation of trypsin from trypsinogen, Y. Gon. Physiol., 1939, 22, 293. 
Mtiller, It. K., ~ber den Einfluss verschieden langer Vorbelichtung auf die Dunkeladapta- 
tion und auf die FehlergriSsse  der Schwellenxeiz-bestlmmung  wghrend der Dunkelan- 
passung, Arch. Ophth., Berlin, 1931, 19.5, 624. 
Patek, A. J., Jr., and Haig, C., The occurrence of abnormal dark adaptation and its 
relation to vitamin A metabolism  in patients with cirrhosis of the liver, Y. Clin. 
Inv., 1939, 18, 609. 
Pi6ron, H., De la variation de r6nergie liminaire en fonction de la dur6e d'excitation pour 
la vision p6riph6rique, Compt. rend. Acad. Sc., 1920, 170, 1203. 
Reeves, P., The rate of pupillary dilation and contraction,  Psychol. Rev., 1918, 2§, 330. 
Stiles, W. S., and Crawford, B. It., The luminous efficiency  of rays entering the eye pupil 
at different points, Proc. Roy. Soc. London, Series B, 1933, 119., 428. 
Wald, G., Vitamin A in eye tissue, J. Gen. Physiol., 1935 a, 18~ 905. 
Wald, G., Carotenoids and the visual cycle, Y. Gon. Physiol., 1935 b, 19, 351. 
Braid, G., and Clark, A. B., Visual adaptation and chemistry of the rods, Y. Gen. Physiol., 
1937, 21, 93. 
Winsor, C. P., and Clark, A. B., Dark adaptation after varying degrees of light adapta- 
tion, Proc. Nat. Acad. Sc.,  1936, 22, 400. 